We present a statistical analysis of 482 6.7 GHz methanol maser sources from the available literature, on their maser emission and the characteristics of their associated infrared sources. On the color-color diagram, more than 70% of the objects fall within a very small region (0.57 ≤ [25 − 12] ≤ 1.30 and 1.30 ≤ [60 − 12] ≤ 2.50). This suggests that 6.7 GHz methanol maser emission occurs only within a very short evolutionary phase during the earliest stage of star formation. The velocity ranges of the masers belong to two main groups: one from 1 to 10 km s −1 , and one from about 11 to 20 km s −1 . These velocity ranges indicate that the masers are probably associated with both disks and outflows. The correlations between the maser and infrared flux densities, and between the maser and infrared luminosities, suggest that far-infrared radiation is a possible pumping mechanism for the masers which most probably originate from some outer molecular envelopes or disks.
INTRODUCTION
Newly formed massive stars are obscured by dust, and their clearest signature is often strong maser emission at radio frequencies. Methanol maser emission arises from several transitions, the strongest being the 5 1 − 6 0 A + line at 6.7 GHz, which is the second strongest Galactic maser of any molecule, first reported by Menten (1991) and recognized as typical of Class II masers. Class II methanol masers are always found in regions of recent massive star formation and many of them are associated with known ultra-compact (UC) HII regions -a very early phase in the star formation process. Stars earlier than type B2 also give rise to bright hydroxyl and water masers. However, hydroxyl and water masers can also be found in the later stages of a star's life, and interstellar water masers also occur around young stars later than type B2.
Hence, only methanol masers are unique indicators of massive star-forming regions. At present extensive surveys have yielded more than 400 6.7 GHz maser sites van der Walt et al. 1995 van der Walt et al. , 1996 Ellingsen 1996; Lyder 1997; Walsh et al. 1997; Slysh et al. 1999; Szymczak & Kus 2000) . The widespread occurrence and high intensity of the 6.7 GHz maser line make it one of the best tracers of star-forming regions at present.
Up to now, there does not seem to have been any systematic statistical study of all the known methanol maser sources. In order to understand better the connection between methanol masers and other phenomena typical of star formation region, such as the associated far-infrared sources, we have investigated the statistical properties of all known 6.7 GHz methanol maser sources and found some interesting results.
DESCRIPTION OF THE DATA
We have searched the literature for all known 6.7 GHz methanol maser sources and found a total of 482 objects. Among these, 361 have IRAS identifications. All the data are tabulated in Table 1 . The first four columns of Table 1 give the galactic coordinates, name of the associated IRAS source and its 1950 equatorial coordinates. Columns 5 to 7 give the peak radial velocity, the radial velocity range and the peak flux density. Column 8 is the distance. Some of the distances are directly quoted from the references and those that have no published distances are heliocentric kinematic distances, computed from the peak velocities of the 6.7 GHz methanol spectrum using the galactic rotation curve of Wouterloot & Brand (1989) , and assuming R 0 = 8.5 kpc and Θ 0 = 220 km s −1 . Column 9 lists the references.
3 DATA ANALYSIS
Galactic Distribution
The distribution of all known methanol masers in the Galaxy is plotted in Fig. 1 . It is seen that the vast majority lies in the inner galaxy region. The number of masers is about 49% (235/482) in the first quadrant, and 44% (214/482) in the fourth quadrant, i.e., a ratio of 1.1:1.0. This differs slightly from the results of Gaylard & MacLeod (1993) and MacLeod & Gaylard (1992) . About 74% (357/482) of the masers lie within |b| < 0.5
• , and only around 11% (53/482) have galactic latitudes greater than 1
• , (the largest is −12.6
• for the source 06053-0622).
The distribution in the longitude-velocity diagram shows that the majority of the objects are located in the 'molecular ring' and follow the same distribution as the molecular gas (Dame et al. 2001) . This is consistent with the result of van der .
Infrared Flux Density
Of the 482 6.7 GHz methanol maser sources, 361 have IRAS identifications. Almost 97% (346/361) of the sources satisfy the inequalities F 12 < F 25 < F 60 < F 100 , which characterize the evolutionary stage of young stellar objects, the youngest ones having the steepest spectra, and this also indicates that the emission is mainly produced by cool dust (T ≤ 30 K). About 62% (223/361) of the objects have F 60 > 500 Jy and only six objects have F 60 < 100 Jy. It is evident that the 6.7 GHz methanol maser emission is much more likely to occur in sources with high 60 µm fluxes.
Color-Color Plot
To analyze the infrared properties of the 6.7 GHz methanol masers, we plotted the colorcolor diagram for the 361 IRAS identified sources. (MacLeod et al. 1998 ). Maser will not be excited if the radiation is too weak, and will be destroyed if the radiation becomes too strong. In the earliest stage of star formation, the massive star is surrounded by cold and dark clouds with very red IRAS colors. The emission of dust from the circumstellar disk or envelope is too weak to produce the 6.7 GHz methanol maser emission efficiently. With the appearance of an UC HII region, the emission of dust gets stronger and also the maser emission. At that time, the radio continuum from the UC HII region is too small and/or weak to be detected (Walsh et al. 1998 De Buizer et al. 2000; Lee et al. 2001; Minier et al. 2001) . As the UC HII evolving further, however, the masing gas cloud either warms up or is destroyed by the expanding UC HII region. Therefore, the fact that the majority is located in a small region in the color-color diagram indicates that the 6.7 GHz methanol maser appears only within a very short period during the earliest stage of star formation. The dotted line (lower panel) in the color-color plot is the best fit, which possibly indicates an evolutionary trend of maser frequency as one moves along this line from the top right corner (very red colors) to the bottom left corner (very blue colors).
Velocity Range of Maser Emission
The 6.7 GHz methanol maser emission has a large velocity dispersion ranging from less than 0.5 to 71 km s −1 , as shown in Fig. 3 . The mean velocity range is about 8.2 km s −1 . This appears to be consistent with the result of Slysh et al. (1999) . Apparently the velocity ranges belong to two groups: one from 1 to 10 km s −1 (peaking at 5) one from about 11 to 20 km s −1
(peaking at 12). Nearly 62% (298/482) belong to the first group, and about 36% (138/482) to the second group. Only a few objects are outside these two groups. Among the outsiders, three have ranges greater than 30 km s −1 (the largest one is 71 km s −1 for the source 18446-0150). The velocity range can be caused by different masers with different radial velocities. The 6.7 GHz methanol masers may stem from different directions because masers can in principle occur in either outflows or disks (Sobolev et al. 1997; Norris et al. 1993 Norris et al. , 1998 Walsh et al. 1998 Walsh et al. , 2001 De Buizer et al. 2000; Lee et al. 2001; Minier et al. 2000 Minier et al. , 2001 , and in general the velocity range can be very different for masers from outflows and disks. If the masers occur in the disk, then their velocities will be close to the Keplerian velocities, and a small velocity range will be expected; but if they occur in outflows then a larger velocity range will result since they may stem from different directions. When an outflowing wind strikes a denser material a low-velocity maser may be produced, whereas if the wind strikes a less dense material a higher-velocity maser will be expected. Therefore, there may exist a large velocity spread if the 6.7 GHz methanol masers originate from outflows.
An alternative explanation for the double-peak of the velocity range distribution could be that the masers in the first group originate from circumstellar disks while the second group comes from outflows.
For the first group, the Keplerian velocity of a maser is about 3 km s −1 , assuming the mass of the young star, ∼ 10 M , and the maser at a distance of 1000 AU . To some extent, there are uncertainties in the distance and the mass, so the observed peak at about twice this value can be considered as consistent with this interpretation.
The 6.7 GHz methanol masers in the second group lie probably in outward-propagating shocks. The gas within circumstellar envelopes heated by the central star will be at a much higher pressure than the surrounding cool gas, and will tend to expand. Since the expansion velocity is likely to exceed the sound velocity in the surrounding gas region, a shock front may be expected to form, moving out through the ambient gas. This is similar to the 'expanding shock' (Walsh et al. 1998) . The Keplerian velocity and the expansion velocity of masers may each be about a few km s −1 ; together, they could result in a range of about 10-20 km s −1 or more, as is observed for the second group. The few objects with velocity ranges more than 30 km s −1 are likely to originate from high-velocity outflows. For example, some maser components in W 75 may originate from a jet (Minier et al. 2001 ).
Relations between Maser and Infrared Flux Densities, and between Maser and Infrared Luminosities
We have investigated the relations between the 6.7 GHz methanol maser peak flux density and the IRAS flux densities in four IRAS bands for the 361 sources (Fig. 4) . Except for a few objects, the maser flux density is less than 20 percent of the 60 µm flux density and less than 25 per cent of the 100 µm flux density. This appears to be consistent with the results obtained by van der Walt et al. (1995) , Slysh et al. (1999) , and Szymczak & Kus (2000) . Some significant correlations were found between the maser peak flux density and the 25, 60, and 100 µm flux densities: the respective correlation coefficients are 0.19 at 99.97% at confidence level, 0.23 at 99.99%, and 0.22 at 99.99%. This means that the maser peak flux density increases with the 25, 60, and 100 µm flux densities. This is inconsistent with the results of van der and Szymezak & Kus (2000) who found only weak or no correlation between them. Although some clear cases of correlation are found, the scatter in both axes is several decades, so it is unclear whether or not there is real physical connection between the them. No correlation was found between the maser peak flux density and the 12 µm flux density, in agreement with what was first noted by van der Walt et al. (1995) .
We plot the 6.7 GHz methanol maser luminosity against the corresponding infrared luminosity for 355 sources in Fig. 5 . The infrared luminosity is calculated with the formula of Casoli et al. (1986) . From the plot, we can see that the 6.7 GHz methanol luminosity increases with the infrared luminosity. The correlation coefficient is 0.34 at 99.99% confidence level.
The infrared emission is predominantly produced by circumstellar dust that has been heated by the central star, while the maser emission is produced by some clumps or inhomogeneities inside some circumstellar envelope or disk. Therefore, the infrared emission originates from a much larger region than does the maser emission. Now, the dust grain temperature decreases with increasing distance from the central star because of the increased dilution of the stellar radiation field and the decreased ability of the dust to absorb the increasingly longer wavelength radiation. The radiation, at 12 µm, is generally attributed to emission from grains of the inner circumstellar envelope or disk (perhaps within the HII region), where the radiation is too strong to produce the 6.7 GHz methanol maser emission (either there is not enough methanol molecular to form the maser or the gas temperature so high as to quench the maser), while the radiation at 25 to 100 µm originates from a larger distance, where the conditions may be right for masing. On the other hand, the fact that in most of the methanol sources, the maser flux density is less than 20 percent of the far-infrared flux densities suggests that the far-infrared radiation is a possible maser pump. This is also suggested by the fact that most of the stellar luminosity is attributed to the far-infrared radiation. For if this is true, then the maser intensity will depend on the far-infrared flux densities, which has indeed been shown by the correlation to varying degree between the maser peak flux density and the 25, 60, and 100 µm flux densities. These correlations, therefore, manifest that the maser emission is in fact associated with the far-infrared emission from the dust at a larger distance from the star. In short, the 6.7 GHz methanol masers most probably originate from outer molecular envelopes or disks.
SUMMARY
From a statistical study of all the known 6.7 GHz methanol maser sources, we obtain the major findings as follows.
(1) On the color-color diagram, more than 70% objects fall within a very small region with 0.57 ≤ [25 − 12] ≤ 1.30 and 1.30 ≤ [60 − 12] ≤ 2.50, suggesting that the 6.7 GHz methanol maser emission may appear only during a limited period of massive star formation.
(2) The velocity ranges of masers consist of two main groups: one from 1 to 10 km s −1 , and one from about 11 to 20 km s −1 , which indicates that the masers may be associated with both disks and outflows.
(3) Some significant correlations are found between the maser and far-infrared flux densities, and between the maser and infrared luminosities: the maser peak flux density is proportional to the 25, 60, and 100 µm flux densities, respectively; and the maser luminosity increases with the far-infrared luminosity. These correlations suggest that the far-infrared radiation is a possible pumping mechanism for the 6.7 GHz methanol masers which most probably originate from outer molecular envelopes or disks.
